INTRODUCTION
Together with phospholipids, cholesterol is ubiquitous in animal cell membranes and is one of the major modifiers of the phospholipid membrane structure and dynamics. In most biological membranes cholesterol concentration is relatively high, generally .30 mol %. Phospholipids in biological membranes have a complex composition, including differences in length and in unsaturation of their acyl residues and in the type of polar heads. These chemical differences cause different dynamic properties and, in synthetic phospholipid membranes, they were shown to favor the appearance of segregated coexisting domains having different phase states and dynamical properties, close to the pure gel and liquidcrystalline phases (Shimshick and McConnel, 1973; Parasassi et al., 1984; Parasassi et al., 1993) . The gel phase domain is composed of the phospholipid with higher transition temperature (Tm) in the presence of the phospholipid with lower Tm at concentration s30 mol %. The liquidcrystalline phase domain has a complementary composition. Thus, the properties of the two phase domains are close to the pure phases, modified by the presence of the other phospholipid, but still resolvable (Parasassi et al., 1993) . Important questions remain about the influence of cholesterol on the dynamic properties and on the coexistence of phospholipid phases. Cholesterol effect on phospholipid bilayers has been studied by a variety of spectroscopic techniques, including nuclear magnetic resonance (NMR) (Vist and Davis, 1990; Sankaram and Thompson, 1990a) , electron spin reso-nance (ESR) (Subczynski et al., 1990; Sankaram and Thompson, 1990b) , calorimetry (Vist and Davis, 1990 ; Tampe et al., 1991; Keough et al., 1989) , dilatometry (Melchior et al., 1980) , small angle neutron scattering (Mortensen et al., 1988) , and fluorescence (van Langen et al., 1989; Schroeder et al., 1991; Ben-Yasar and Barenholz, 1989 ; Nemecz and Shroeder, 1988) . Abrupt variations of several structural and dynamical parameters have been found at critical cholesterol concentrations. These variations have been interpreted as arising from specific complexes between lipids and cholesterol in the molar ratios 3:1, 2:1, and 1:1. Ipsen et al. (1987) proposed an alternative and more satisfactory interpretation. Their model does not require specific complexes between phospholipids and cholesterol. The important ingredient of this model is the different interaction free energy between all possible pair combinations of chainordered, chain-disordered, and cholesterol. Phase diagrams of cholesterol in dimyristoylphosphatidylcholine (DMPC) (Tampe et al., 1991) , in deuterated dipalmitoylphosphatidylcholine (DPPC) vesicles (Vist and Davis, 1990) , and partial phase diagrams in DPPC and sphingomyelin (Sankaram and Thompson, 1990b) have been constructed, based on NMR, ESR, differential scanning calorimetry, fluorescence, and theoretical studies as shown by Ipsen et al. (1987) . As a first approximation, at concentrations above 6 mol %, cholesterol has a disordering effect on the gel phase and an ordering effect on the liquid-crystalline phase (Vist and Davis, 1990) . Specifically, in the gel phase, lateral diffusion and axial rotation are increased by cholesterol, while in the liquidcrystalline phase axial rotational motion is decreased (Sankaram and Thompson, 1990a , Rubenstein et al., 1979 . Above a cholesterol concentration of 30 mol %, in the liquidcrystalline phase, lateral diffusion is decreased (Ipsen et al., 1987; Mouritsen, 1991) . From the phase diagrams, apart from the pure gel and liquid-crystalline phases observed in the absence of cholesterol, four main regions have been classified by Vist and Davis (1990) : (a) at low temperatures and above 6 mol % cholesterol, the coexistence of gel and liquidordered phases can be observed; (b) at high temperatures and at low cholesterol concentrations, the liquid-disordered phase is observed; (c) at high temperatures and at high cholesterol concentrations, the liquid-ordered phase is observed; (d) at high temperatures and intermediate cholesterol concentrations, the coexistence of liquid-ordered and liquiddisordered phases occurs. Following the above classification, the coexistence of gel and liquid-crystalline phases can only be observed at cholesterol concentrations below 6 mol % in a narrow temperature interval, about 1°C wide (Vist and Davis, 1990; Tampe et al., 1991) corresponding to the transition temperature of the phospholipid.
The major feature derived from the above results is that because of the combined effects on the lateral diffusion and on the axial rotational motion of phospholipids, and because of the appearance of the new liquid-disordered and liquidordered phases, the transition of phospholipids from the gel to the liquid-crystalline phase progressively disappears by increasing cholesterol concentration. As a result, no calorimetric transition can be detected in phospholipids at cholesterol concentration >17 mol % (Vist and Davis, 1990; Keough et al, 1989) . At cholesterol concentrations above 6 mol %, the phospholipid pretransition is suppressed (Vist and Davis, 1990 However, the difficulty of applying fluorescence spectroscopy to this problem resides in finding a fluorescent probe that displays characteristic distinct properties in the two phases. In the present study we used the spectral sensitivity of the fluorescent probe 2-dimethylamino-6-lauroylnaphthalene (Laurdan) to investigate the influence of cholesterol on the structure and dynamics of the two phases of phospholipid bilayers, with the specific purpose of further exploring the rapid mixing hypothesis.
LAURDAN FLUORESCENCE PROPERTIES
In this section we review the fluorescence properties of Laurdan that are relevant to the present study of domain coexistence and dynamics. We have shown that the fluorescence properties of Laurdan are extremely sensitive to the polarity of the environment of its fluorescent moiety (Parasassi et al., 1991) . Laurdan emission spectrum is bluer in apolar solvents. In addition to the relatively small emission shift due to changes in polarity, in phospholipid vesicles there is a 50-nm emission red spectral shift of Laurdan fluorescence when passing from the gel to the liquid-crystalline phase (Parasassi et al., 1990) . This large spectral shift is due to dipolar relaxation processes that occur in the liquidcrystalline phase. Since the amount of spectral shift depends on the rate of dipolar relaxation, a small modification of the dynamical properties of the membrane can cause very large effects on Laurdan emission properties. Also, Laurdan excitation spectrum is different in the two phospholipid phases (Parasassi et al., 1990) . The excitation maximum in gel phase phospholipids is at about 390 nm, while in the liquidcrystalline phase the excitation maximum is at about 360 nm. Because of this difference in excitation, a partial photoselection of Laurdan molecules surrounded by the gel phase with respect to those in the liquid-crystalline environment is possible. For analogy with the concept of photoselection that can be performed using polarized excitation, spectroscopic properties of Laurdan have been described (Parasassi et al., 1990 and 1991) by the generalized polarization (GP) defined as
where Ig and I, are the fluorescence intensities at the maximum emission in phospholipids in the gel and in the liquidcrystalline phase, respectively (excitation GP). In addition, the GP value can be obtained using the fluorescence intensities at the maximum excitation in phospholipids in the gel and in the liquid-crystalline phase (emission GP). A further peculiar feature of Laurdan spectroscopy concerns the red band of the excitation spectrum, centered at about 390 nm. This second excitation band is absent in apolar solvents, appears in polar solvent capable of hydrogen bonding, and is quite intense in phospholipid vesicles (Parasassi et al., 1991 (Parasassi et al., 1991) . The excitation GP value in the gel phase is high, of about 0.6, while in the liquid-crystalline phase is low and negative, of about -0.3. Moreover, the property of additivity of the GP can be used to quantitate coexisting phases (Parasassi et al., 1991) . Laurdan GP value can be obtained both from emission and from excitation spectra, providing independent information on the dipolar relaxation process and on the polarity of the environment. The particular wavelength behavior of the GP value gives information on the coexistence of different phases and on their interconversion (Parasassi et al., 1993) . When Laurdan is used in cell membranes, where cholesterol and a variety of lipids are present, a blue shift of its emission and excitation spectra is observed . A similar blue shift was observed in DMPC vesicles after the addition of 30 mol % cholesterol. In cell membranes Laurdan GP value is relatively high, and in DMPC vesicles the GP value is higher compared with the value obtained in the absence of cholesterol at all temperatures .
With the purpose of 1) verifying the existence and kinetics of the mixing between separate domains in phospholipid vesicles and 2) investigating the origin of the blue spectral shift and of the relatively high GP (2) where '410 and I340 are the intensities at each emission wavelength, from 425 nm to 550 nm, obtained using fixed excitation wavelength of 410 nm and 340 nm, respectively. The excitation GP spectra were constructed in a similar way from the excitation spectra using:
where I440 and I490 are the intensities at each excitation wavelength, from 320 nm to 420 nm, obtained using fixed emission wavelength of 440 nm and 490 nm, respectively. For the calculation of GP, fixed excitation and emission wavelengths were chosen as previously discussed (Parasassi et al., 1990) . In particular, in the case of the calculation of emission GP, excitation wavelengths of 340 nm and 410 nm do not correspond to the maximum excitation of the liquid-crystalline and of the gel phase, respectively. They were chosen as convenient extremes of the excitation spectrum to improve the photoselection of the two Laurdan populations. Temperature was controlled to ± 0.1°C by a water circulating bath. Oxygen-quenching experiments were performed using a photoncounting fluorometer, model GREG PC (ISS Inc.) equipped with a xenon arc lamp and an oxygen pressure cell described in Lakowicz and Weber (1973) holding a 2 X 2 cm cuvette and thermostated at 20°C by a circulating water bath. During measurements, samples were continuously stirred. The measurements in the absence of oxygen were performed in N2 atmosphere. After the application of each value of oxygen pressure, samples were allowed to equilibrate for 45 min in the dark with continuous stirring.
The three-dimensional plots reported in Figs. 9-11 were created using the software Axum from TriMetrix Inc. The underlying grid was obtained from the same data of the plots, using the three-dimensional spline surface option of the Axum program.
RESULTS
We have performed four different kinds of experiments on phospholipid vesicles labeled with Laurdan with the aim of studying the coexistence of domains in the presence of cholesterol: 1) effect of different cholesterol concentration in phospholipid vesicles on Laurdan excitation and emission spectra to identify the effect of polarity changes; 2) temperature dependence of Laurdan GP value in phospholipid vesicles and in the presence of different cholesterol concentrations to assess the effect of cholesterol on Laurdan dipolar relaxation; 3) wavelength dependence of Laurdan excitation and emission GP spectra in phospholipid vesicles with various cholesterol concentrations to detect the coexistence of phase domains; 4) a surface for each of the phospholipids used, built with the purpose of separating the influence of cholesterol on Laurdan dipolar relaxation from the polarity changes.
Laurdan excitation and emission spectra Laurdan excitation and emission spectra were measured in DLPC, DMPC, and in an equimolar DLPC-DPPC mixture, from 1°C to 65°C, at cholesterol concentrations from 0 to 60 mol %. As representative examples, Laurdan excitation and emission spectra obtained in multilamellar vesicles composed of DMPC or of an equimolar mixture of DLPC and DPPC with no cholesterol and with 30 mol % cholesterol at 1°C are reported in Fig. 1 , A and C, respectively. Both excitation and emission spectra are blue shifted in the presence of cholesterol. At 65°C the emission blue shift in the presence of cholesterol is quite relevant (Fig. 1, B and  D) , while the excitation spectrum shows a red shift accompanied by the increase in intensity of the red band of excitation at about 390 nm.
Temperature dependence of Laurdan GP
The excitation GP values obtained in DMPC vesicles with cholesterol concentrations from 5 to 30 mol % using an excitation wavelength of 340 nm and emission wavelengths of 440 and 490 nm versus temperature are reported in Fig. 2 A. In Fig. 2 B the emission GP values obtained in the same samples using an emission wavelength of 440 nm and excitation wavelengths of 410 and 340 nm are reported versus temperature. The temperature interval of the phase transition is progressively broader and shifted at higher temperature by increasing the cholesterol concentration in DMPC vesicles as detected by both the excitation and emission GP values. In the temperature range of DMPC liquid-crystalline phase, the increase of cholesterol concentration produces an increase of both excitation and emission GP values to the GP values of the gel phase, so that at higher cholesterol concentrations the phase transition is no longer detectable. At low temperatures, corresponding to the DMPC gel phase, the addition of cholesterol causes an increase of the excitation GP value and a small decrease of the emission GP value.
Excitation and emission GP values versus temperature were calculated from Laurdan spectra obtained in samples composed of an equimolar mixture of DLPC and DPPC with increasing cholesterol concentrations, from 5 to 60 mol %, and some representative curves are reported in Fig. 2 , C and D. For these samples, blank spectra were acquired and subtracted from the excitation and emission Laurdan spectra. The effect of blank subtraction is relatively small (GP value difference of about 3%) and the major effect of the blank subtraction was observed at the edges of both excitation and emission GP spectra. For the construction of Fig. 2 , C and D, an excitation wavelength of 370 nm rather than 340 nm and an emission wavelength of 490 nm rather than 440 nm were chosen as the wavelengths less affected by the blank subtraction. Similar to the results obtained using DMPC vesicles, by adding cholesterol to this phospholipid mixture, both excitation and emission GP values increase. At temperatures above 25°C the increase of the GP value is particularly relevant, and the effect on the GP variation with temperature is smoothed. Similar results (data not shown) were also obtained for DLPC, where the GP follows the high temperature behavior observed with DMPC.
In Fig. 3 the difference between the excitation (Fig. 3 , A and C) and the emission (Fig. 3 Wavelength (nm) at various cholesterol concentrations and without cholesterol is reported for DMPC vesicles (Fig. 3, A and B) and for vesicles composed of equimolar DLPC-DPPC (Fig. 3 , C and D). Fig. 3 shows that (a) major variations of the emission GP value occur at a temperature a few degrees lower with respect to variations of the excitation GP value; (b) the increase of both excitation and emission GP values with the increase of cholesterol concentration is particularly relevant in the liquid-crystalline phase; (c) when cholesterol is added, the excitation GP values generally show larger variations than the emission GP values, i.e., the variation of the emission spectra are larger than those of the excitation spectra; (d) for the DMPC sample, the variation of emission GP at low temperature is negative; and (e) a partial saturation effect can be observed at high cholesterol concentrations. In DMPC vesicles, small variations of emission and excitation GP values are observed by increasing cholesterol concentration above 20 mol % (Fig. 3, A and B) . In the equimolar DLPC-DPPC sample, the excitation GP value shows larger variations for cholesterol addition up to 30 mol % and the emission GP value for cholesterol addition up to 35 mol % (Fig. 3 Fig. 4 . Both excitation and emission GP at 1°C do not show a relevant wavelength dependence, and this behavior is not affected by cholesterol addition. This wavelength independence of GP value is characteristic of the gel phase (Parasassi et al., 1993) . At 65°C, excitation GP spectra show decreasing values as the excitation wavelength increases up to 10 mol % cholesterol (Fig. 4 A) , while emission GP spectra show increasing values as the emission wavelength increases (Fig.  4 B) . At high cholesterol concentration, the slope due to the wavelength dependence is decreased. This behavior of the GP versus wavelength observed at 65°C is characteristic of phospholipids in the liquid-crystalline phase (Parasassi et al., 1993) . The temperature at which the behavior of GP versus wavelength changes from that characteristic of the gel to that characteristic of the liquid-crystalline phase depends on cholesterol concentration and increases with the increase of cholesterol concentration, in agreement with the shift of the transition temperature reported in Figs. 2 and 3 . Similarly, in vesicles composed of an equimolar mixture of DLPC and DPPC, at low and at high temperatures, the wavelength dependence of excitation and emission GP is not affected by cholesterol addition up to 30 mol % (Fig. 5) . At low temperature, the effect of cholesterol only consists of a slight increase of the GP value, without affecting the wavelength independence (Fig. 5) . At high temperature, the addition of cholesterol causes a relevant increase of both absolute excitation and emission GP values (Fig. 5, A and B respectively, and Figs. 2 and 3), with little change of the wavelength dependence. Above 30 mol % cholesterol, very little wavelength dependence of both emission and excitation GP values can be observed also at high temperatures. At intermediate temperatures, particularly between 10 and 30°C, the major variation caused by cholesterol concerns the change of the typical wavelength dependence of GP spectra, which is observed when coexisting domains of gel and liquid-crystalline phases are present. In Fig. 6 the GP spectra obtained in the equimolar DLPC-DPPC mixture at 25°C are shown. In the absence of cholesterol, the equimolar mixture of DLPC and DPPC at temperatures from about 10°C to about 30°C gives increasing values of the excitation GP spectrum and decreasing values of the emission GP spectrum with the increase of excitation and emission wavelength, respectively. Of note is the fact that this wavelength dependence is opposite to that observed in the pure liquid-crystalline phase. Indeed, without cholesterol, the type of wavelength dependence of emission and excitation GP values can be used to ascertain the coexistence of phospholipid phase domains (Parasassi et al., 1993) . This behavior can still be observed in the phospholipid mixture after cholesterol addition up to 10 mol % for the excitation GP spectrum (Fig. 6 ) and up to 15 mol % for the emission GP spectrum (data not shown). At these cholesterol concentrations, the temperature range at which the wavelength dependence typical of coexisting domains can be observed is restricted. Above 15 mol % cholesterol, the behavior of GP values changes from the absence of an appreciable wavelength dependence observed at low temperatures, to the wavelength dependence typical of the liquid-crystalline phase. This last behavior is observed regardless of the absolute GP values.
In DLPC vesicles, the wavelength dependence of the GP value typical of the liquid-crystalline phase is not modified by increasing cholesterol concentration (data not shown). The absolute excitation and emission GP values increase with the addition of cholesterol, but, regardless to cholesterol concentration, the excitation GP spectra show decreasing values with the increase of excitation wavelength, and the emission GP spectra show increasing values with the increase of emission wavelength. This behavior is similar to that reported in Fig. 4, A and B , for DMPC at high temperature. Similarly to the DLPC-DPPC mixture, above 30 mol % cholesterol very little variation of GP values as a function of wavelength was observed (data not shown).
To verify the possibility that Laurdan preferentially associates with cholesterol or that the probe will partition in possible domains with high cholesterol concentration, the determination of the partition coefficient of the probe between phospholipids and cholesterol must be obtained. The equipartition of Laurdan between the two phospholipid phases has been already demonstrated (Parasassi et and 490 nm in DLPC vesicles at 20°C with cholesterol concentrations varying from 1 to 55 mol % are reported in Fig.  7 . In Fig. 7 A, the straight line segments from 0 to 30 mol % cholesterol, obtained by joining the GP values at 0 and 30 mol % cholesterol, represent the GP values expected from a mixture of DLPC and cholesterol in which Laurdan shows ideal homogeneous partitioning. The small deviation of the experimental GP values from the straight line is to be attributed to dipolar relaxation and to interconversion between domains, as previously reported (Parasassi et al., 1993) . A saturation can be observed in the excitation GP above 30 mol % cholesterol (Fig. 7A ) and in the emission GP above 40 mol % cholesterol (Fig. 7B) obtained using phospholipids in a single phase. In the equimolar DLPC-DPPC mixture, at temperature where the coexistence of separate domains of different phases occurs, the Stern-Volmer plot was biphasic. By adding 10 mol % cholesterol to vesicles in the gel phase, a biphasic SternVolmer plot was also obtained . Here we performed oxygen-quenching experiments of Laurdan fluorescence in DLPC vesicles at 20°C (Fig.  8) . In this pure liquid-crystalline phase the Stern-Volmer plot is linear, as already reported . By adding cholesterol up to 55 mol %, no deviation from linearity was observed (Fig. 8) In general, by adding cholesterol to phospholipids, Laurdan excitation GP value varies by a different amount with respect to the variation of emission GP value; i.e., for each phospholipid, the three-dimensional plots obtained at various cholesterol concentrations do not overlap.
In these surfaces different areas can be characterized. High values of both excitation and emission GP at low temperatures define an area of gel-like phase where little relaxation occurs (Figs. 10 B and 11 B) . At FIGURE 10 Three-dimensional surface obtained as reported in Fig. 9 from Laurdan excitation and emission GP values and from the temperature of their measurement in vesicles composed of the equimolar DLPC-DPPC mixture with cholesterol concentrations of (A): 0, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 mol %; (B): 25, 30, 35, 40, 45, 50, 55 , and 60 mol %. The excitation GP values were measured using excitation at 370 nm and the emission GP values using emission at 490 nm. Intensities of the blanks were subtracted. In both figures the individual three-dimensional curves of samples at each cholesterol concentration are superimposed. DISCUSSION To understand at a molecular level the effect of cholesterol on phospholipid bilayers, we discuss first how the properties of Laurdan are influenced by the nature and dynamics of its local surroundings. Laurdan spectral properties are dependent on at least two major factors: 1) the polarity of the environment; and 2) the rate of relaxation of molecules or molecular residues that can reorient around Laurdan fluorescent moiety during its excited-state lifetime.
In apolar solvents, such as hexane or cyclohexane, Laurdan shows very blue emission and excitation spectra and a very low quantum yield (Parasassi et al., 1991) . In these apolar solvents, Laurdan fluorescence lifetime is of the order of 100 ps (Parasassi et al., 1993) . Hydrogen bonding solvents cause a red shift of emission and excitation spectra. Dipolar reorientation of solvent during Laur-"irz~~~~~~~~~z o__ FIGURE 11 Three-dimensional surface obtained as reported in Fig. 9 from Laurdan excitation and emission GP values and from the temperature of their measurement in vesicles composed of DLPC with cholesterol concentrations of (A): 0, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 mol %; (B): 25, 30, 35, 40, 45, 50, 55 , and 60 mol %. The excitation GP values were measured using excitation at 370 nm and the emission GP values using emission at 490 nm. In both figures the individual three-dimensional curves of samples at each cholesterol concentration are superimposed. (Parasassi et al., 1990) . If the rate of relaxation is very small, such as in the phospholipid gel phase, this additional emission spectral shift is small (Parasassi et al., 1993) . In the phospholipid liquidcrystalline phase, relaxation processes can occur at a much faster rate, and we can observe a very large emission red shift (Parasassi et al., 1993) .
One important consideration relates to the nature of the molecule that reorients during the exited-state lifetime. We have demonstrated that the rate and extent of the relaxation process are independent on the nature of the phospholipid polar residue and are also independent on the pH value of the medium (Parasassi et al., 1991) . This observation rules out the motion of phospholipid polar heads as the molecular entity responsible for reorientation. Measurements of the polarization value across the emission band also rules out the possibility that the Laurdan molecule itself rotates to better orient with respect to dipoles or charges of the membrane polar surface (Parasassi et al., 1990) . To rule out a further possibility that residues of Laurdan molecules rotate and reorient during the probe excited state, we performed measurements on Laurdan analogues. Our results (Parasassi and Gratton, unpublished observations) excluded the hypothesis that this intermolecular relaxation was the source of the relaxation process. Instead, the possibility exists that a few water molecules present in the hydrophilic-hydrophobic interface of the bilayer, close to the naphthalene moiety of Laurdan, can reorient during Laurdan excited-state lifetime. The fluorescent moiety of Laurdan is located at the level of the phospholipid glycerol backbone. The dynamic properties of these water molecules in the membrane are reduced with respect to the bulk water molecules of the solvent. The orientational rate must be on the order of nanoseconds in the phospholipid liquid-crystalline phase. We have proposed that a few water molecules present in the bilayer close to Laurdan naphthalene moiety are the molecular entities that produce the dipolar relaxation process responsible for the red emission spectral shift displayed by Laurdan (Parasassi et al., 1991) . In the gel phase this process is strongly reduced either because of the absence of water or because the phospholipid tight packing prevents a rapid relaxation, in the nanosecond scale, of water molecules.
A peculiar feature of Laurdan excitation spectrum is related to the red excitation band, the intensity of which increases in polar solvents and in hydrogen bonding solvents. This effect has been attributed to the stabilization of the La conformation transitions. In phospholipids, this red excitation band corresponds also to a blue-emitting population, especially intense in gel phase phospholipids (Parasassi et al., 1990) , where very little relaxation occurs.
Laurdan fluorescence spectra in gel phase and in the presence of cholesterol At low temperature, when cholesterol is added to DMPC in the gel phase, at all the concentrations used in this work, from 1 to 30 mol %, and to the equimolar DLPC-DPPC mixture with cholesterol concentrations from 3 to 60 mol %, the excitation spectrum slightly shifts toward the blue, indicating a less polar environment (Fig. 1, A and C) and in agreement with the reported effect of cholesterol of reducing the hydration of bilayers (Levine and Wilkins, 1971 ). The emission spectrum shows a blue shift, also indicating a less polar environment. After the addition of cholesterol, both Laurdan ground and excited states appear less polar. Besides the small blue shift of the excitation spectrum in the pure phospholipid gel phase, i.e., in the DMPC samples at low temperature, the peculiar behavior of the excitation red band, centered at about 390 nm, must be described. In apolar solvents, the blue shift of the excitation spectrum is also accompanied by the decrease of this red band. By adding cholesterol to the gel phase, this red band also slightly decreases in its relative intensity, in agreement with a decrease of polarity of Laurdan environment. Variations of the ratio between the two excitation bands are well represented by the emission GP value. The decreased polarity of Laurdan environment after cholesterol addition is clearly displayed by the decrease of the emission GP value at low temperatures ( Figs. 2 B and 3 B) . In this case, the small decrease in the intensity of the excitation band at 410 nm is not indicative of a more liquidcrystalline-like environment of Laurdan fluorescent moiety, but only of a reduced stabilization of the ground state Lay population which is typical of Laurdan molecules surrounded by dipoles with a favorable orientation. The same blue shift of both Laurdan excitation and emission spectra are observed in the equimolar DLPC-DPPC mixture (Fig. 1 C) . In this mixture, the emission GP value slightly increases instead of decreasing as in the DMPC sample (Fig. 3 D) . In the case of the mixture of the two phospholipids, the decrease in polarity induced by cholesterol is masked by the dipolar relaxation, even in small amounts, due to the presence of DLPC with a Tm of -0C.
Laurdan fluorescence spectra in the liquid-crystalline phase and in the presence of cholesterol Cholesterol addition to DLPC vesicles, to the liquidcrystalline phase of DMPC vesicles, and to the equimolar DLPC-DPPC mixture has a larger effect than on the gel phase. In this phase state the emission spectrum shows a blue shift. Both the decreased polarity at the level of the glycerol backbone of phospholipids in the bilayer and the ordering effect of cholesterol (Vist and Davis, 1990; Ipsen et al., 1987) , that renders the acyl chains conformation in the bilayers similar to that of the gel phase, reduce the amount of dipolar relaxation and cause a blue shift of the emission spectrum, similar to that observed in gel phase phospholipids. On the contrary, the excitation spectrum shows a red shift, with a relevant increase of the red excitation band (Fig. 1, B and D). After addition of cholesterol, the prevailing effect on the excitation spectrum is due to the decreased amount of relaxation rather than to decreased polarity that should cause a blue shift. Laurdan excitation spectrum seems quite sensitive to the ordering effect of cholesterol on the acyl chain conformation. Modifications of Laurdan emission due to cholesterol are also quite relevant, both the reduced polarity and the increased conformational order contributing to the blue shift of the emission.
At low temperature and when cholesterol is present, the variations of Laurdan emission and excitation spectra in phospholipids are largely due to the decrease of polarity, probably because of the decreased water concentration at the level of the fluorescent moiety of Laurdan molecules in the bilayer (Levine and Wilkins, 1971) (Shimshick and McConnel, 1973; Parasassi et al., 1984) . The effect of increasing cholesterol concentration in this sample is similar to that observed in pure liquid-crystalline samples. The Laurdan emission spectrum is blue-shifted and the excitation spectrum shows the increase in intensity of the red band.
Laurdan excitation and emission GP in the presence of cholesterol To explain the wavelength dependence of the excitation and emission GP value, we first analyzed the expected behavior of a homogeneous liquid-crystalline phase in the absence of cholesterol. It is characteristic of the dipolar relaxation process that by exciting in the blue part of the spectrum we photoselect those molecules with an energetically unfavorable ground state, i.e., those molecules surrounded by randomly oriented dipoles. As a consequence, by moving the excitation toward the blue, more blue emitting molecules are excited. The excitation GP value, which depends on the difference between the emission intensities at 440 and 490 nm (Eq. 3), should increase toward shorter excitation wavelengths. Of course, this effect is only visible in a homogeneous liquid-crystalline phase where dipolar relaxation occurs (Figs. 4 and 5, spectra at 65°C).
The emission GP spectra are obtained by measuring the 340 nm at all emission wavelengths (Eq. 2). Excitation at 340 nm slightly selects Laurdan molecules with energetically unfavorable orientation of the surrounding dipoles (Parasassi et al., 1990) , only a part of which will relax during the probe excited state. Excitation at 410 nm preferentially selects Laurdan molecules mostly surrounded by favorably oriented dipoles, which will show a relaxed emission. Consequently, by observing the red emission at 490 nm, higher intensity will originate from the 410 nm band of excitation. By moving the emission toward the blue, the intensity arising from 410 nm excitation will decrease, and the GP value will also decrease (Parasassi et al., 1993) . Again, this trend can only be observed in a homogeneous liquid-crystalline phase in the presence of the dipolar relaxation process (Figs. 4 and 5 , spectra at 650C).
The coexistence of gel and liquid-crystalline phases, in the absence of cholesterol, gives rise to an opposite wavelength dependence of the excitation and emission GP spectra, as previously discussed (Parasassi et al., 1993) . Laurdan molecules, in a domain of phospholipids in gel phase, preferentially absorb in the 390 nm region and emit in the 440 nm region. Laurdan molecules in a domain of liquidcrystalline phase preferentially absorb in the 360 nm region and emit in the 490 nm region. In the presence of both coexisting phases (sample of equimolar mixture of DLPC and DPPC, at temperatures between 10 and 300C) the excitation GP spectrum should then decrease toward shorter wavelengths, while the emission GP spectrum should increase. Therefore, phase domains coexistence has an opposite trend with respect to that observed only in the presence of the dipolar relaxation, with the excitation GP spectrum showing increasing values with the increase of the excitation wavelength, and with the emission GP spectrum showing decreasing values with the increase of the emission wavelength (Parasassi et al., 1990 (Parasassi et al., , 1991 (Parasassi et al., , 1993 (Fig. 6) . Finally, in the homogeneous gel phase, no appreciable wavelength dependence of excitation and emission GP values is observed (Figs. 4 and 5, spectra at 10C).
The behavior of the GP spectra as a function ofwavelength in the presence of coexisting domains is modified by the presence of cholesterol, and the type and amount of modification depends on cholesterol concentration. In the equimolar DLPC-DPPC mixture, at low cholesterol concentrations up to about 10 mol %, the wavelength dependence of excitation and emission GP is similar to that observed without cholesterol. Differences are observed only for the temperature at which the wavelength dependence of excitation and emission GP typical of the coexistence of both phases can be observed. In correspondence to the shift of the phase transition temperature reported in Figs. 2 and 3 , emission and excitation GP spectra with the characteristic wavelength dependence observed when phase domains coexist are observed at temperatures progressively higher with the increase of cholesterol concentration (Fig. 6) . At cholesterol concentrations higher than 10 mol %, the above described behavior of GP values is no longer observed. From low to difference between the excitation intensities at 410 nm and Biophysical Journal 130 high temperatures both excitation and emission GP spectra pass from a wavelength dependence typical of the pure gel to that typical of the pure liquid-crystalline phase. No intermediate behavior indicative of gel and liquid-crystalline domain coexistence was observed (Fig. 6 ).
The absence of rapid mixing Our experiments failed to detect separate spectroscopic signals in the regions in which liquid phase or gel phase immiscibility has been postulated. Separated and resolvable Laurdan spectroscopic properties indicative of the coexistence of domains with different polarity or different molecular order could not be seen. As we noted before, the same failure occurred for NMR and ESR experiments (Vist and Davis, 1990) . Since the time scale of the fluorescent phenomenon is on the order of 10-' s, if an averaging of emission properties should be invoked to explain the absence of distinct signals, this argument set a limit on the size and lifetime of domains. The lifetime of the domain should be shorter that 5 ns and the size should be no larger than 50 lipid molecules, based on an estimate of the diffusion rate of small molecules in the membrane plane . Similar estimates on the dimension of domains in vesicles composed of equimolar mixtures of gel and liquid-crystalline phases, without cholesterol, were obtained on the basis of timeresolved measurements of Laurdan emission (Parasassi et al., 1993) . From the diffusion coefficient in the two phases and from the rate of interconversion of Laurdan between the phases, an average area of 20-50 A2 has been calculated for the domains (Parasassi et al., 1993) . It is quite puzzling that at least three spectroscopic techniques with quite different characteristic time scales (NMR, ESR, and fluorescence) have failed to detect distinct environments in a region of phase diagram where separated domains are expected to exist. The possibility remains that these theoretical domains are very small, composed of a few phospholipid molecules, and/or fluctuating more rapidly than previously anticipated. Moreover, the different Laurdan spectroscopic properties, specific for each phase domain (Parasassi et al., 1991 and 1993) , are progressively closer by increasing cholesterol concentration. In the case of pure phospholipid separate domains, the results showed that each phase is profoundly modified by the presence of the other (Parasassi et al., 1993) . By adding cholesterol to phospholipid mixtures showing domain segregation, as in the present work, the modification of each phase is even more significant, so that separate spectroscopic Laurdan parameters cannot be distinguished.
Analysis of the GP excitation-emission surfaces
In general, from our results we can conclude that Laurdan sensitivity to the polarity and to the kinetics of dipolar relaxation of its environment detects a decreased polarity and a lower amount of relaxation in phospholipids after addition of cholesterol. The decrease of the amount of dipolar relaxation produced by cholesterol in the liquid-crystalline phase is too large to be attributed to a decreased polarity, i.e., to the substitution of water molecules with the hydroxyl residue of cholesterol. Instead, the increase in the phospholipid acyl chain conformational order or a tight packing of the bilayer close to that of the gel phase must be invoked. Since the excitation spectrum shows opposite response to the polarity or to the order, while the emission spectrum is shifted to the same direction by modification of these two quantities, the emission GP values do not vary of the same amount as the excitation GP. Indeed, by plotting the excitation GP values versus the emission GP values obtained at each temperature, the curves do not overlap. Using the temperature as the third axis, a surface is obtained where different areas can be characterized (Figs. 9-11) . High values of both excitation and emission GP at low temperature characterize an area of gel-like phase. Low excitation and emission GP values at high temperature characterize an area where a large amount of dipolar relaxation occurs, such as in the liquid-crystalline phase. The intermediate areas characterize the possible coexistence of separate phases. Noticeably, the sharp temperature range of DMPC phase transition is well enclosed in the intermediate area of phase coexistence, while at 30 mol % cholesterol in DMPC the liquid-crystalline valley is never reached, even at 65°C (Fig. 9) . Similarly, plots of DLPC vesicles with cholesterol concentrations 230 mol % are not contained in the liquid-crystalline area.
A further intermediate area can be observed in the surface obtained using the equimolar DLPC-DPPC mixture, where a peak is present, at intermediate temperature, from about 10°C to about 30°C (Fig. 10 A) . Nevertheless, when the surface is obtained with the data from the same phospholipid mixture but in the presence of cholesterol concentrations from 25 to 60 mol %, the intermediate peak disappears (Fig. 10 B) .
From Figs. 10 B and 11 B we can observe that at cholesterol concentrations 230 mol % a plateau is reached and that the surface is flat. The concentration of cholesterol in most biological membranes is 230 mol %. Both from our results and from the reported phase diagrams (Vist and Davis, 1990; Sankaram and Thompson, 1990b; Tampe et al., 1991) where 10 mol % cholesterol was added to gel phase phospholipids. In this case a biphasic behavior of the StemVolmer plot was observed, indicative of different Laurdan
